The reflectance model developed by Kubelka and Munk was evaluated for agreement in color prediction of thick pigmented samples and for linearity of optical absorption and scattering coefficients with concentration of colorant in maxillofacial elastomer. The colorants tested were generic pacifiers, dry mineral earth pigments, and fibrous colorants. Significant linear relationships were commonly found between the optical coefficients and the concentration of the colorants. These relationships indicated occasional optical interaction between the colorants and the elastomer. Color differences between theoretical and observed colors of the thick samples averaged 2.96, 3.47, and 1.60 for the pacifiers, mineral earth pigments, and fibrous colorants, respectively, when measured using the CIELAB uniform-color space. The agreement between theoretical and observed colors was significantly closer for the fibrous colorants than for the dry mineral earth pigments of the same labeled color.
The solution of an optical reflectance theory by Kubelka and Munk (1931) and its subsequent simplification by Kubelka (1948) gave rise to the application of this theory to describe the color and translucency of colored materials within the paint (Billmeyer and Abrams, 1973) and plastic (Billmeyer and Abrams, 1972) industries. Judd (1937) initially applied the Kubelka-Munk theory to dental materials, and O'Brien and his co-workers have advanced this theory in its application to dental composite (Miagawa et al., 1981) and porcelain materials (Woolsey et al., 1984; O'Brien et al., 1985) . Kubelka and Munk (1931) solved the simultaneous flow of two diffuse light fluxes (forward and backward) within a turbid medium in optical contact with a reflective backing. An assumption involved in the development of the Kubelka-Munk theory is that no reflections occur at the interfacial boundaries between the turbid material and the air at the front surface, or between the turbid material and the backing. Corrections for the reflections which do occur have been presented by Duntley (1942) and Saunderson (1942) , but the value for internal reflection proposed by Mudgett and Richards (1973) enables these corrections to provide better agreement between observed reflectance and the Kubelka-Munk theory (Johnston et al., 1986) .
The Kubelka-Munk theory, corrected as above, and the linear dependence of the optical absorption and scattering coefficients upon colorant concentration have provided the basis for colorant formulation for materials in general (Johnston, 1973; Kuehni, 1975) , but Kuehni (1975) For the purpose of determining the optical absorption and scattering coefficients, the opacifiers and the mineral earth pigments were separately incorporated into 30 g of medical-grade elastomer (Silastic MDX4-4210 silicone elastomer, Lot HH-062180, Dow Coming Corp., Medical Products Div., Midland, MI 48640) in concentrations of 0.1, 0.05, and 0.02 wt%. The flockings were separately incorporated into the silicone base at concentrations of 2, 1, and 0.5 wt%. To the colored silicone base was then added 10 wt% curing agent (MDX4-4210 curing agent, Lot HH-03321 1, Dow Coming Corp., Medical Products Div., Midland, MI 48640). The mix was then placed under reduced atmospheric pressure in order to eliminate incorporated air bubbles, and was poured into an aluminum mold which produced specimens 60 mm by 120 mm, with a thickness within 0.25 mm of 1.25 mm. The mold and elastomer were returned to reduced pressure and cured at 650C for eight hours. Two specimens of each concentration of each colorant and two specimens of unpigmented elastomer were fabricated, making a total of 128 specimens for optical absorption and scattering determination.
In addition, thicker specimens were formed for each colorant at the greatest concentration given above. These specimens were formed in an identical manner, except that 60 g of elastomer base was used, and the molds produced specimens 40 mm in diameter and 40 mm in height. Twenty-one specimens were formed for the determination of reflectivity, which is the reflectance at infinite optical thickness.
Titanium oxide and black dry mineral earth colorants were chosen for the fabrication of the dark and light backings to be used for optical coefficient determinations. One percent by weight of each of these two colorants was used separately to make backings as described above for the thick reflectance specimens.
The optical coefficients were determined by the methods fully described by Woolsey et al. (1984) and by Johnston et al. (1986) , with one exception: No custom-made sample port plate was used, since the elastomeric specimens were of sufficient size to be held within the standard sample port. Reflectance measurements were made with illumination beam condensers in place, such that any reflected light scattered toward the edge of the sample would be included in the measurement. To summarize the determination method, the reflectance spectrum of each thin specimen was measured with the specimen in optical contact with each of the two backings, and the Kubelka-Munk absorption coefficient, K, and scattering coefficient, S, were calculated by the solution of two conditions of the Kubelka-Munk theory. For each concentration of each colorant and for the unpigmented material, two determinations of the optical coefficient were obtained and averaged at every wavelength.
The linear relationship between the optical coefficients of each colorant and the colorant concentration were analyzed by linear regression analysis at wavelengths of 450, 500, and 650 nm. The optical coefficients of the unpigmented elastomer were also included.
The reflectivity was calculated by the equation of Kubelka (1948):
where K and S are the average optical absorption and scattering coefficients, respectively. This equation was corrected for interfacial reflections (Duntley, 1942; Saunderson, 1942) using the value of internal reflection proposed by Mudgett and Richards (1973) . The calculated color parameters were determined by the method of C.I.E. (1976, 1985) . The observed reflectivity for the 21 thick specimens was measured on a diffuse reflectance spectrophotometer (Beckman Acta-C3 UV-visible spectrophotometer with ASPH-U integrating sphere, Beckman Instruments, Inc., Irvine, CA 92664). The observed color parameters were determined from the average of two measurements of reflectivity. The color difference between the calculated and observed color parameters was then determined within the (L*, a*, b*)-uniform color space (C.I.E., 1976). Statistical analysis of the color differences was performed for those mineral earth and flocking colorants which had identical color names.
Results.
In general, the absorption spectra of the chromatic colorants exhibited absorption maxima at the wavelengths corresponding to the opposite color of each colorant studied. For example, Fig. 1 displays the spectral optical absorption coefficients of the unpigmented elastomer and of the elastomer with the three concentrations of red flockings. Fig. 2 similarly displays the spectral scattering coefficients of yellow dry mineral earth pig-
The results of all linear regression analyses of the optical absorption (K) and scattering (S) coefficients are presented in Tables I and 2, estimate of each coefficient for unpigmented elastomer, and the slope represents the increase in coefficient per increase in concentration in wt%. The average optical absorption coefficients for unpigmented elastomer were 0.039, 0.038, and 0.038 mm 1 at the wavelengths of 450, 500, and 650 nm, respectively. The average optical scattering coefficients for unpigmented elastomer were 0.018, 0.009, and 0.005 mm-1 at the wavelengths of 450, 500, and 650 nm, respectively. The standard error is that of the regression for each coefficient at the average concentration studied. Since there were 126 regression analyses, only those with a statistical probability of 0.0003 or less were considered statistically significant. Figs. 3 through 6 present the values of selected optical coefficients and show the positions of the linear regression lines relative to the observed optical coefficients. Fig. 7 presents the calculated and observed reflectivities for 0.1 wt% dark buff dry mineral earth colorant. Table 3 gives the color differences between calculated and observed color parameters at infinite optical thickness for all colorants studied. These color differences for the mineral earth and flocking colorants of similar color labels are presented in Table 4 with the paired comparison analysis of variance.
Discussion.
The low error associated with each regression of the optical coefficients upon colorant concentration indicates the consistency with which the Kubelka-Munk theory derives absorption and scattering coefficients relative to the concentrations of many types of colorants within maxillofacial elastomer. Wherever a statistically significant regression was not found, that optical coefficient was not expected to change with concentration for that pigment; e.g., the absorption coefficient for any opacifier may remain at a relatively low value regardless of colorant concentration. The generally consistent values of the intercepts for each optical coefficient indicate the general lack of optical interaction between the maxillofacial elastomer and the colorants studied, although specific exceptions are noted, e.g., K of red and yellow Artskin and brown flocking (Table 1) , S of titanium dioxide, dark buff, and yellow Artskin (Table 2) .
Further study of the size of any porosity in the unpigmented elastomer and the particle size of the colorants is recommended.
The high regression slope for titanium dioxide indicates the superior scattering ability of this colorant. Since a high scattering coefficient is related to high lightness and opacity, titanium dioxide, of all the colorants studied, had the greatest ability to lighten and opacify.
However (Johnston, 1973; Kuehni, 1975) . This study also indicates ( Table 3 ) that, on the average, the color predicted by the Kubelka-Munk theory was closer to the observed color of a flocking than to that of a mineral earth pigment labeled with the same color. This greater agreement for the fibrous colorant may be due to the more complete elimination of collimated light within the mass of the fiberfilled elastomer, since collimated light is not directly accounted for in the Kubelka-Munk theory. The application of this theory seems based on the assumption that incident collimated illumination is totally and immediately transformed to diffuse light upon entering the turbid medium. The greater volume of the fibrous particles appears to permit most of the incident collimated light to be either scattered or absorbed. These results support a general lack of perfect agreement of the Kubelka-Munk theory with observed colors, but the relative ease of application of this two-flux reflectance theory is of great importance. Techniques are available for corrections based on a trial coloration and subsequent re-formulation which give negligible color differences between re-formulation and the target color (Kuehni, 1975) . The general magnitude of the color differences between the theoretical and observed values supports the further study of this theory for mixtures of colorants within maxillofacial elastomer.
